The scarcity of timber to supply the wood-based industries is one of the prevailing problems worldwide. Tree plantations are the remaining solutions to subdue the shortage of raw materials, at the same time sequester atmospheric CO 2 in its biomass to reduce global warming. Planting Big-leaf mahogany (Swietenia macrophylla King) contributes valuable economic inputs to small tree farmers in the Philippines. However, the occurrence of lumber defects during processing due to growth stresses reduces the potential value of timber. This study aimed to examine the differences of surface growth stresses and wood properties of an 8-year-old BL mahogany from six landrace provenances in two progeny trial sites, Butuan and Cagayan de Oro in the Philippines. The longitudinal released strains of the surface growth stress (SRS) were not significantly different among six landrace provenances and between two trial sites. The SRS were not significantly related to diameter at breast height (DBH) in both trial sites. The high level of negative SRS was observed in some tested trees with small diameter in both trial sites, which was attributed to the tension wood formation in an irregular-shaped stem. The xylem density (XD), average microfibril angle in the secondary cell wall (MFA), vessel element length (VL) and vessel element width (VW) had no significant differences among six landrace provenances. In terms of trial sites, Butuan trial site gave high lateral growth DBH, high XD, longer fiber length (FL) with a narrow fiber width (FW) and smaller MFA as compared to the Cagayan de Oro trial site. It was observed that an 8-year-old BL mahogany plantation with small-diameter trees exhibited high SRS, low XD, small FL, wide FW and large MFA, which are passively considered as properties of juvenile wood.
Introduction
The Big-leaf (BL) mahogany (Swietenia macrophylla King) is one of the world's most high-valued timber species. For many decades, some countries and/or some private bodies have invested in plantations in order to ensure a sustained production of high-value timber [1, 2] . Such cases exist in Asia (Indonesia, Philippines, Sri Lanka and Fiji), where the species find good growing conditions [3] as well as, to a lesser extent, in some countries of Central America (Costa Rica) and South America (Brazil, Peru, Bolivia). In 2011 international market, the average price $/min Bolivia; declining in Mexico, Belize, and Brazil; and in severe decline in Guatemala, Peru, Nicaragua and Honduras [2, 5] .
The largest plantations of BL mahogany have been reported in South and Southeast Asia and the Pacific regions. BL mahogany has since become a promising tree species for industrial plantations as well as for reforestation and afforestation in Indonesia. BL mahogany is suitable for large-scale timber production plantations because of its excellent timber quality. Generally, the wood can be used for construction materials, plywood (veneer), high-grade furniture and cabinet making. It is also suitable for paneling, framing, flooring, automobile bodies, interior trim of boats, radio and phonograph cabinets, bodies of musical instruments, moldings and other ornaments [6] . However, some wood properties [xylem density (XD), tangential and radial shrinkage, modulus of elasticity (MOE) and modulus of rupture (MOR)] of BL mahogany differ between natural forest and plantation forest [7] ; these findings may influence the specific wood utilization of planted BL mahogany.
In the Philippines, BL mahogany is one of the industrial tree plantation species. It was introduced from unknown origins in 1907 as park trees in Manila [8] . In 1913, the forestry school at University of the Philippines Los Baños (UPLB) received 1012 seeds of BL mahogany from an unknown number of parent trees from the Royal Botanic Gardens at Sibpur, Calcutta, India. Since then, there were no other documented reports on mahogany importation into the country until the 1960s when tree planters in northeastern Mindanao imported an unspecified quantity of seeds directly from an unknown source in Central America [9] . The landrace of BL mahogany in the Philippines has been developed by generations in different provenances.
The increasing deforestation in the country is mainly due to lack of timber supply to augment the existing needs of the growing population. The development of tree plantation is the most efficient way to supply alternative resources while recovering the degraded natural forest. This is also effective in reducing atmospheric CO 2 and mitigating climate change. Recently, BL mahogany tree plantation is one of the major sources of lumber and considered as high-value lumber in the local market in the Philippines. One of the prevailing problems in the locally produced lumber is its distorted form after milling and so forth, which in cracks at the edge of the logs decreases the product market value. Only few researchers have investigated that distortion in the lumber form could be attributed to species-specific growth stress inside a log which is generated during the tree growth [10] . The presence of growth stress in tree stems often causes problems when using processing the logs into timber products. Examples are radial cracks at the edge of cut logs, crooked sawn lumber and so forth [11] .
Several studies suggest that the distinctive anatomical characteristics and chemical composition of tension wood directly cause the changes in physical and mechanical properties of wood. This leads to technological problems, such as distortion of solid wood during sawing due to the release of high longitudinal growth stresses, especially in plantation resources [12] [13] [14] [15] [16] , defects during drying due to its high longitudinal shrinkage [17] [18] [19] [20] [21] and severe woolly surface during sawing and rotary cutting [21] due to gelatinous fiber (G-fiber), as well as the bad quality of paper made of G-fibers [22] .
However, there are very limited data on the growth stresses and wood qualities as well as the possibility of tension wood formation of planted BL mahogany in the Philippines. Thus, this study aims to examine the differences of surface growth stresses and wood properties of 8-year-old planted BL mahogany from six landrace provenances and two trial sites and also describes the occurrence of tension wood formation in trees. The information generated in this study is very essential for the plantation management of BL mahogany in the Philippines to enhance its uses and productivity.
Materials and methods

Study area and sample trial sites
Experimental samples were randomly selected from two established field trial sites of BL mahogany (Swietenia macrophylla King) located in Butuan city and Cagayan de Oro city representing contrasting growing conditions within the target plantation region in northern Mindanao, Philippines (Fig. 1, Table 1 ).
The field trials were established in September of 2009 by Department of Environment and Natural Resources (DENR Philippines) with support from Commonwealth Scientific and Industrial Research Organization (CSIRO Australia) and Australian government (AusAID Public Sector Linkages Program) [9] . Seeds consist of six landrace provenances in Philippines: Makiling (Laguna), Minglanilla (Cebu), Maasin (Leyte) and Tacloban (Leyte), Bislig (Surigao del Sur) and Lianga (Surigao del Sur) as shown in Fig. 1 .
Plant material
In each trial site, three tested tree samples were randomly selected in each of the six landrace provenances. A total of 36 tested trees in two trial sites were used in the study. Table 2 summarizes the growth data (diameter and height) of the tested trees collected prior to the measurement of various material parameters.
Lateral growth rate-diameter at breast height (DBH)
The lateral growth rate at diameter at breast height was measured using 1460 planted trees in each trial. These planted trees were composed of 73 individual families of BL mahogany collected from six provenances in the Philippines. In every individual family, five test trees were used which is replicated four times in every trial site.
Longitudinal released strain of surface growth stresses (SRS)
Growth data (diameter and height) were collected prior to the measurement of various material parameters measured at four cardinal points at the breast height of every tree. Then, the longitudinal released strain of the surface growth stresses (SRS) was measured. A rectangular specimen was then collected at the point where the SRS was measured and used to measure xylem density (XD), fiber length (FL), fiber width (FW), vessel element length (VL), vessel element width (VW) and the average microfibril angle in the cell wall (MFA). The values measured at the four cardinal points were averaged for each test tree [24] . In addition to the above-tested trees, two trees with inclined stem were selected in Butuan trial site.
For each standing tree, measurement was conducted at four cardinal points (North, South, East and West) at DBH (1.3 m from the ground). A strain gauge (electric-wire strain gauge, 10 mm length, KFG-10-120-C1-11L3M3R, Kyowa Co., Tokyo, Japan) was glued to the exposed secondary xylem surface along the longitudinal direction and was connected to a strain meter (UCAM-1A, Kyowa Co., Tokyo, Japan). After measuring the initial strain on the tree sample, the surface stress was released using a handsaw, and the strain was then recorded. The amount of SRS was calculated by subtracting the initial measurement from the second reading [24] [25] [26] [27] .
Xylem density (XD)
Wood samples (1 cm × 1 cm × 1 cm) were prepared from the rectangular specimen taken from the points where the SRS was measured. These samples were seasoned at room temperature inside desiccators containing a saturated aqueous solution of NaCl for 1 week until equilibrium for "air-dried density" measurement denoted as XD. The density was determined using the mercury displacement method [15, 28] .
Fiber length (FL), fiber width (FW), vessel element length (VL) and vessel element width (VW)
After the measurement of XD, part of each cubic specimen was treated in a compound liquid of water, potassium chlorate and 60% nitric acid [29] , followed by 10% NaOH (aq) treatment and then defiberized [30] and dispersed in an aqueous suspension. A drop of defiberized wood suspension was placed on a glass slide and then covered with a cover slip. Using a digital microscope (Olympus BX60), digital images of all 90 fiber samples were randomly selected and captured. All vessel elements were also captured. The captured images were processed using image processor software (Image J ver.1.51K) to measure FL, FW, VL and VW.
Average microfibril angle in the secondary cell wall (MFA)
From another part of the rectangular wood specimen for XD measurement, a small specimen [0.1(R) × 1(T) × 1(L) cm] was derived for MFA determination using the X-ray diffractometry (Ultima IV, Rigaku Corporation) following the method of Cave [24, [31] [32] [33] . The data generated from the X-ray diffractometry were the average MFA of the secondary cell wall (S 2 and G).
Statistical analysis
Three trees were selected from each of the six landrace provenances per trial site by the complete random design. A total of 36 test trees were tested in two trial sites. In every tested tree, there were four measuring points (cardinal directions) assigned for the measurement of SRS, XD, FL, FW, VL, VW and MFA. A total of 144 sampling points were derived from 36 randomly selected test trees from six different landrace provenances of two trial sites. Simple linear regression models were used to test the correlation between the lateral growth rate and wood properties: SRS, XD, FL, FW, VL, VW and MFA. The comparison in wood properties: SRS, XD, FL, FW, VL, VW and MFA, among provenances and between trial sites was tested using a two-way analysis of variance (ANOVA) and Scheffe's method for multiple-comparison tests using SPSS v20 software.
Results and discussion
Lateral growth rate-diameter at breast height (DBH)
Comparing DBH of all planted trees among six landrace provenances and between two trial sites ( Fig. 2) , the result showed that DBH among six landrace provenances has no significant difference (Table 3) , while the difference between two trial sites was highly significant. The average DBH of two trials sites was 23.25 cm and 14.17 cm for Butuan and Cagayan de Oro, respectively. Regardless of provenances, Butuan trial site produced bigger-diameter trees than the Cagayan de Oro trial site.
Longitudinal released strain of surface growth stresses (SRS)
SRS in each tested tree is shown in Fig. 3 . Six landrace provenances (Makiling, Cebu, Maasin, Tacloban, Lianga and Bislig) in two trial sites (Butuan and Cagayan de Oro) gave similar SRS. The differences in the average SRS among six landrace provenances and between trial sites were analyzed using a two-way ANOVA and Scheffe's post hoc multiple-comparison method. Results showed no significant differences among landrace provenances and between trial sites, as well as no significant interaction between provenance and trial site (Tables 3 and 4) . It has been reported that SRS has been found similar to the studies on tropical species, e.g., Tectona grandis [34] and Eucalyptus grandis in different latitudes [16, 35] , regardless of the lateral growth.
The relationship between DBH and averaged SRS is shown in Fig. 4 and Table 5 . It reveals no significant correlations were observed in both trial sites. 
Xylem density (XD)
The differences in the average XD among six landrace provenances and between two trial sites were analyzed using a two-way ANOVA and Scheffe's multiple-comparison (post hoc) method. Result showed no significant differences among six landrace provenances and high significant differences between two trial sites, as well as a highly significant interaction between provenance and trial site ( Table 3) . The relationship between DBH and XD is shown in Fig. 5 and Table 5 . There were no correlations between Butuan and Cagayan de Oro trial site. These results were the same as with the findings of Kojima et al. [24] (Gmelina arborea) and Zobel and Jett [36] diffuse-porous hardwood species usually show little or no relationship between growth rate and xylem density. Tables 3 and 4 show that FL and FW averaged at each measuring point have significant differences among six landrace provenances and trial sites. Landrace provenances from Makiling and Tacloban give the highest average FL of 1.172 mm and 1.176 mm, respectively. And highest average FW was in the landrace provenances of Lianga (0.027 mm), Maasin (0.027 mm), Makiling (0.027 mm) and Tacloban (0.026 mm). High significant differences were found between two trial sites; Butuan trial site has larger FL (1.175 mm) with thinner FW (0.023 mm) as compared with Cagayan de Oro trial site which has shorter FL (1.082 mm) and wider FW (0.029 mm). The high growth rate condition in Butuan trial site promotes longer, but thinner fiber. This result partly coincides with the findings that higher growth rate in the tropical plantation promotes longer FL [15] . Previous studies also reported that shorter fiber and narrow vessel element are characteristic of juvenile wood [36, 37] . It is considered that some trees of 8-year-old BL mahogany could still produce juvenile wood. The VL and VW have no significant difference among six landrace provenances and two trial sites. The FL, FW and VL in Butuan and Cagayan de Oro trial sites were not correlated in terms of DBH (Table 5) . However, VW was positively correlated with DBH in Butuan trial site but not in Cagayan de Oro trial site as shown in Fig. 6 . The relationship between VL and FL was positive only in Cagayan de Oro trial site which exhibited smaller average DBH as compared with the Butuan trial site (Fig. 7 and Table 5 ). The VL and VW have no significant interaction between landrace provenances and trial sites, as compared to FW with high significant interaction between landraces provenances and trial sites (Table 3) .
Fiber length (FL), fiber width (FW), vessel element length (VL) and vessel element width (VW)
It was also considered that the formation of tension wood was related to shorter fiber and vessel element. Some studies have reported that the tension wood contains a lower vessel proportion than normal wood [18, 19, 38, 39] .
Average microfibril angle in the secondary cell wall (MFA)
The MFA is considered to have a major role in controlling certain fiber qualities, including fiber stiffness and dimensional stability [40] .
The differences of average MFA on each tested tree among six landrace provenances and between two trial sites were also analyzed by a two-way ANOVA and Scheffe's multiple-comparison (post hoc) method. This analysis indicated no significant difference among six landrace provenances and a high significant difference between two trials sites with an average MFA of 19.82° in Butuan and 24.94° in Cagayan de Oro trial sites (Tables 3 and 4) .
The effect of the DBH on MFA averaged in each tree is shown in Fig. 8 and Table 5 . DBH has no significant correlation with averaged MFA in both trial sites. Same results were observed in Acacia mangium, A. auriculiformis, hybrid Acacia (Acacia mangium × A. auriculiformis), Eucalyptus grandis, E. globulus and Falcataria moluccana, indicating that in these cases, acceleration of secondary growth does not affect the MFA at the outermost surface of the xylem [15] .
The effects of MFA on SRS showed no correlation in Butuan trial site, but a positive correlation was observed Fig. 9 and Table 5 ). MFA has no significant interaction between landrace provenances and trial sites (Table 3) . It is reported that there might be a causal relationship between both qualities in a small-diameter tree, e.g., formation of the tension wood fiber with a thick gelatinous layer (G-layer) and low MFA in several hardwood species [13, 14, 16] . MFA values smaller than 10 degrees are often correlated with high tensile stress generation in tension wood compared with normal wood [12] [13] [14] [41] [42] [43] [44] . In tension wood, the tensile growth stress increases with the amount of gelatinous fibers, increasing cellulose content and decreasing MFA [41-43, 45, 46] . Same findings were confirmed also in 8-year-old BL mahogany based on a separate experiment using two inclined mature stems as shown in Figs. 10 and 11. In tension wood, the longitudinal growth stress possesses a very large tensile value. The presence of growth stress in tree stems often causes problems when using logs as raw material for timber products. Examples are radial cracks at the edge of cut logs, crooked sawn lumber, and so forth [10] . Processing of BL mahogany timber with tension wood should be avoided until the desired practical solution will be applied to solve this problem.
Conclusion
The results indicate that the SRS was invariable regardless of landrace provenances and trial sites. The XD, VL, VW and MFA have no significant differences among six landrace provenances. And FL and FW have high significant differences among six landrace provenances. It was found out in this study that Butuan trial site has a high lateral growth DBH, high XD, longer FL with a narrow FW and a smaller MFA compared with the Cagayan de Oro trial site. However, in terms of VL and VW, no significant differences between two trial sites were observed. In both trial sites, DBH does not affect SRS, MFA, XD, VL, FL and FW. However, VW was positively correlated only in the Butuan trial site. A small-diameter tree exhibits high SRS, small FL, wide FW and large MFA. A high level of SRS was observed in some tested trees with a small diameter growth, which was attributed to tension wood formation. These suggest that the current cambium age is still producing juvenile wood, especially in a smaller diameter tree. It is recommended to conduct further investigations on the xylem maturation properties of BL mahogany in relation to diameter growth and cambial ages. In order to avoid leaning trees with tension wood in tree plantation for timber production, it is necessary therefore to avoid planting trees in sloping areas and employ required spacing in silvicultural management. The relationship between MFA and SRS at each measurement point in each tested tree in two trial sites and in two tested trees containing tension wood on the upper side along the inclined stems
